؉ T-cell IL-4R␣ knockout (KO) mice with the parasitic nematode Nippostrongylus brasiliensis, which induces strong host TH2 responses. Although N. brasiliensis expulsion was not affected in CD4
T helper type 2 (TH2) immune effector responses are characterized by interleukin-4 (IL-4)-and IL-13-dependent signaling through heterodimeric receptors containing an IL-4 receptor alpha (IL-4R␣) subunit (3) . These effector responses are particularly associated with the resolution of helminth infections (16, 32, 34) and the induction of allergic reactions (12) . IL-4R␣ signaling results in activation and upregulation of the transcription factors STAT-6 and GATA-3, which stabilize the TH2 program in polarized CD4 ϩ T cells (3, 27) . CD4 ϩ T-cell IL-4R␣-dependent TH2 differentiation is considered to be specific to IL-4, as T cells lack functional IL-13 receptors (43) . The resulting TH2 response is characterized by B-cell immunoglobulin E (IgE) and IgG1 antibody production (4, 37) , goblet cell hyperplasia (17) , and secretion of the TH2 cytokines IL-4, IL-13, IL-5, IL-10, and IL-9 by a number of hematopoietic cells (26) . CD4 ϩ T-cell populations and IL-4R␣ expression are essential for the optimal development of TH2 responses (16) . However, no requirement for IL-4R␣ expression in T-cell subpopulations for the development of a TH2 response has been demonstrated. Indeed, the interesting observation that there is CD4 ϩ T-cell IL-4R␣-independent IL-4 and IL-13 production has been widely reported (8, 15, 23, 29, 31, 40) . Thus, IL-4-responsive CD4
ϩ T cells may not be essential for TH2 polarization (20) . In order to examine this possibility, we generated CD4 ϩ T-cell IL-4R␣ transgenic mice with 95.5% Ϯ 5.8% disruption of IL-4R␣ expression on CD4 ϩ T cells (CD4 ϩ T-cell IL-4R␣ knockout [KO] mice) (30) . Infection of these mice with Leishmania major indicated that non-IL-4-responsive CD4 ϩ T cells can launch aspects of a TH2 response (30) . Additionally, in ovalbumin-induced anaphylaxis (a TH2-associated pathology) T-cell TH2 cytokine secretion appears to be unaffected by IL-4R␣ CD4 ϩ T-cell expression (28) . Together, these findings demonstrate that IL-4R␣ expression on CD4 ϩ T cells is not essential for generation of a TH2 immune response.
In the study described here we further defined the roles of IL-4-responsive CD4 ϩ T cells by infecting CD4 ϩ T-cell IL-4R␣ KO mice with the nematode Nippostrongylus brasiliensis. N. brasiliensis infections are characterized by a striking IL-4R␣-driven TH2 polarized host immune response which is essential for expulsion of adult worms from the host intestine (35) . Importantly, N. brasiliensis infections are analogous to human hookworm infections (e.g., Necator americanus and Ancylostoma duodenale infections) and thus provide an excellent model to study the host-parasite relationships in hookworm disease (11) . Infection is initiated by cutaneous larval invasion. The larvae then migrate via the circulatory and bronchial systems to the small intestine. The larval movement through the lungs generates a severe asthmalike pulmonary pathology characterized by airway mucus production and localized immune cell recruitment (19, 22, 33) . In experimental asthma this pathology is strongly associated with IL-4R␣-dependent T-cell recruitment to the lungs and localization to the airways (36) . Once established in the small intestine, the larvae mature to adults, producing large numbers of eggs which are passed in the host feces. The infection is resolved by the host via currently undefined TH2-dependent mechanisms, which may include intestinal contractions (42) and goblet cell hyperplasia (35) .
We demonstrated in this study that resolution of N. brasiliensis infection was independent of IL-4-responsive CD4 ϩ T cells. Importantly, a striking decrease in N. brasiliensis-induced pulmonary pathology was found in CD4 ϩ T-cell IL-4R␣ KO mice. The decreased pathology was associated with disrupted T-cell localization and recruitment and cytokine production in the lungs. Our data suggest that although IL-4R␣ expression on T cells may not be essential for development of a TH2 response, it does play an important role in the pathology associated with tissue T-cell responses.
MATERIALS AND METHODS
Mice. Eight-to 12-week-old mice were obtained from the University of Cape Town specific-pathogen-free animal facility. All experiments were approved by the University of Cape Town Animal Ethics Committee. CD4
ϩ T-cell IL-4R␣ KO mice were generated as previously described (30) , and hemizygous IL-4R␣ Ϫ/lox mice (control mice) and homozygous IL-4R␣ Ϫ/Ϫ mice (IL-4R␣ KO mice) were used as controls. All mice used had a BALB/c background.
Infection studies. Mice were inoculated subcutaneously with 750 N. brasiliensis L3 larvae (kindly provided by Klaus Erb, Wurzburg, Germany). An analysis of parasite eggs in feces was carried out using the modified McMaster technique (10) . Adult worm burdens were determined as previously described (1) . Briefly, intestines were removed from infected mice, and each lumen was exposed by dissection. The intestines were then incubated at 37°C for 4 h in 0.65% NaCl. Intestinal tissue was then removed, and the adult worms in the remaining saline solution were counted.
BAL. Canulas (18 gauge) were inserted into the tracheae of euthanized mice, and the lungs were lavaged with 1 ml of phosphate-buffered saline (PBS). Bronchoalveolar lavage (BAL) samples were centrifuged at 1,200 rpm for 5 min and subjected to red cell lysis, and the numbers of cells were determined. Cells were then centrifuged at 500 rpm for 5 min (Shandon Cytospin4; Thermo Scientific, Runcorn, United Kingdom), dried at room temperature overnight, and stained with RapidDiff (Clinical Research Science, South Africa) prior to analysis.
Histology. Tissue samples were fixed in a neutral buffered formalin solution. Following embedding in paraffin, samples were cut into 5-m sections. Sections were stained with periodic acid-Schiff reagent (PAS) for quantification of intestinal and pulmonary goblet cell hyperplasia, which was carried out as previously described (6, 14) . Briefly, intestinal goblet cell hyperplasia in individual mice was determined by determining the number of positive goblet cells per five villi from the small intestine. The histological mucus index (HMI) was used to quantify pulmonary goblet cell hyperplasia in individual mice. Airways were photographed at a magnification of ϫ100 and overlaid with a standard grid. The total number of epithelial cells was divided by the number of mucus-positive squares to determine the HMI. All samples were randomized and counted by a blinded observer. For CD3 staining, sections were incubated at 56°C overnight and rehydrated using zylols, alcohol, and water. Sections were then blocked with 3% H 2 O 2 in methanol, blocked again with 5% goat serum, incubated with anti-CD3 antibody (A0452; Dako) followed by anti-rabbit Envision secondary antibody (K4003; Dako), and then visualized with the 1,4-diamino-2-butanone substrate (K3466; Dako) and counterstained with Mayer's hematoxylin.
Isolation of lung CD4 ؉ T-cell populations. PBS-perfused lungs were removed from euthanized mice. The lungs were finely cut and digested in Dulbecco modified Eagle medium (Invitrogen) with 50 U/ml collagenase type I (Invitrogen) and 13 g/ml DNase I (Roche) at 37°C for 90 min. Samples were pushed through a 70-m cell strainer and subjected to red blood cell lysis. Lung CD4 ϩ T cells were detected with anti-CD4 phycoerythrin-conjugated monoclonal antibody (MAb) GK1.5 (BD Pharmingen) before they were purified by cell sorting using a FACSVantage cell sorter (Becton Dickinson).
Generation of enriched CD4 ؉ T-cell populations. CD4 ϩ T cells were enriched (purity, Ͼ94%) from mediastinal lymph nodes at days 7 and 10 postinfection (p.i.). Single-cell suspensions were stained with anti-CD8 MAb 53.6.72, antiCD11b MAb M1/70, anti-GR-1 MAb RB68C5, and anti-B220 MAb RA36B2, all of which were rat derived. Stained cells were depleted using goat anti-rat IgGcoated magnetic beads (Biomag beads; Qiagen, Germany). MAbs were purified from hybridoma supernatants.
Flow cytometry. T lymphocytes were stained with anti-CD3 fluorescein isothiocyanate-conjugated antibody 145-2C11 or anti-CD4 fluorescein isothiocyanate-conjugated antibody GK1.5 before they were analyzed with a FACSCalibur (Becton Dickinson). Dead cells were excluded based on 7-amino-actinomycin D staining.
Enzyme-linked immunosorbent assay (ELISA) analysis. CD4 ϩ T-cell, whole lung, and lymph node preparations were restimulated for 48 h with either 20 g/ml anti-CD3 antibody 145-2C11 or 10 g/ml N. brasiliensis excretory-secretory proteins (13) . Supernatants were then collected and stored at Ϫ80°C until they were analyzed. Cytokines in supernatants and serum antibody isotype levels for infected animals were determined as previously described (24) . Briefly, flatbottom 96-well plates were coated overnight with the appropriate capturing antibody diluted in PBS. The plates were then washed and incubated in PBS containing 2% milk for 1 h at 37°C. Following this, the plates were washed, and samples and standards were loaded overnight at 4°C. Appropriate biotinylated secondary antibodies were then added following further washing and incubated
FIG. 1. T-cell-specific IL-4R␣-deficient mice control N. brasiliensis infection in the intestine. (A)
Mice were infected with 750 N. brasiliensis L3 larvae, and at days 7 and 10 p.i. the worm burdens in the small intestine were assessed to determine the expulsion kinetics. (B) Feces were collected from day 5 to day 13 p.i., and egg production by N. brasiliensis was calculated using the modified McMaster technique. (C) Antibody production in the serum was assessed by an ELISA at days 7 and 10 p.i. An asterisk indicates that there is a significance difference between KO and control mice (P Ͻ 0.05; four or five mice per group). The data are representative of the results of three separate experiments. ND, not detected.
overnight at 4°C. The plates were then washed, and antibody and cytokine levels were determined using streptavidin-coupled horseradish peroxidase. The plates were developed with a 3,3Ј,5,5Ј-tetramethylbenzidine microwell peroxidase substrate system, and the reaction was stopped with 1 M H 3 PO 3 . The absorbance at 450 nm was determined with a Versamax microplate spectrophotometer (Molecular Devices, Germany).
Statistics. Values are expressed below as means Ϯ standard deviations or means Ϯ standard errors of the means, and significant differences were deter- 
RESULTS

N. brasiliensis fecundity and expulsion are independent of IL-4-responsive CD4
؉ T cells. To investigate the possible role of IL-4R␣ expression on CD4 ϩ lymphocytes in resolving N. brasiliensis infections, control, IL-4R␣ KO, and CD4
ϩ T-cell IL-4R␣ KO mice were infected with 750 L3 N. brasiliensis larvae. Worm burdens were determined at days 7 and 10 p.i. (Fig. 1A) . At day 7 p.i. all mouse groups had comparable worm burdens. As previously shown (14) , the intestinal infection in (Fig. 1B) , which showed that no eggs were present in either control or CD4 ϩ T-cell IL-4R␣ KO mice after day 10 p.i. Systemic IgE levels were also not affected in CD4
ϩ T-cell IL-4R␣ KO mice compared to control mice (Fig. 1C) , indicating that the type 2 B-cell responses were normal. TH2-dependent host responses to adult N. brasiliensis are characterized by increased intestinal goblet cell hyperplasia and mucus production. We found that the levels of intestinal mucus production were comparable for control and CD4
ϩ T-cell IL-4R␣ KO mice ( Fig. 2A) , while in global IL-4R␣ KO mice the level of intestinal mucus production was significantly lower (P Ͻ 0.01). Together, these results ( Fig. 1 and 2A) demonstrate that neither expulsion nor intestinal goblet cell hyperplasia is dependent on IL-4-promoted TH2 responses.
Reduced pulmonary pathology in CD4 ؉ T-cell-specific IL-4R␣-deficient mice. To determine if impaired IL-4-promoted TH2 cell differentiation affected N. brasiliensis-induced allergy like goblet cell hyperplasia in the lungs of CD4 ϩ T-cell IL-4R␣ KO mice, airway mucus production was examined by using PAS and was quantified by determining the HMI. Significantly less mucus production was apparent at day 10 p.i. in CD4 ϩ T-cell IL-4R␣ KO mice than in mice in control groups (Fig. 2B  and 2C ). As expected, the airway mucus production in IL-4R␣ KO mice was significantly reduced at days 7 and 10 p.i.
Pulmonary allergic responses can also be defined by increased bronchial cellular infiltration by a range of immune cells. BAL analysis of the cellular infiltrate in infected mice demonstrated that there were significant reductions in the total numbers of cells in both IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice compared to control mice (Fig. 3A) . Furthermore, differential cell counting demonstrated that there were significant reductions in the eosinophil and lymphocyte populations in IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice (Fig. 3B) . A further indicator of allergic pathology is the formation of peribronchial lymphocyte foci. Immunohistochemical analysis of CD3 ϩ T cells revealed foci associated with vascular systems and airways in control mice (Fig. 4A, upper panel) . Such foci were not apparent in either IL-4R␣ KO or CD4 ϩ T-cell IL-4R␣ KO mice (Fig. 4A, middle and lower panels) . We found that in these mice CD3 ϩ T cells were dispersed throughout the pulmonary tissue. Furthermore, flow cytometric analysis of whole lungs showed that, in agreement with the disrupted CD3 ϩ T-cell localization and reduced numbers of lymphocytes in the BAL fluid, there were significantly lower numbers of CD3 ϩ T cells in the lungs of both IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice (Fig. 4B) . Further flow cytometric analysis demonstrated that there were lower numbers of CD4 ϩ T cells in both IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice (Fig. 4C) . Together, these data demonstrate that the profound allergic pulmonary pathology induced by N. brasiliensis is driven by IL-4R␣-responsive CD4 ϩ T cells. Specifically, we found that CD4 ϩ T-cell IL-4R␣ expression is important in the bronchial recruitment of both lymphocyte and eosinophil populations.
Mediastinal lymph node-derived CD4
؉ T-cell production of IL-4, but not mediastinal lymph node-derived CD4 ؉ T-cell production of IL-5 and IL-13, is diminished in infected CD4 ؉ T-cell IL-4R␣ KO mice. Central to the induction of allergic airway pathology is elevated secretion of TH2 cytokines, in particular IL-13, by CD4 ϩ T cells. Analysis of pulmonary cytokine production in response to N. brasiliensis infection by anti-CD3 restimulated CD4 ϩ lymphocytes isolated from mediastinal lymph nodes revealed significantly impaired IL-4 secretion in both IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice. However, the IL-13 and IL-5 secretion in CD4 ϩ T-cell IL-4R␣ KO mice was consistently comparable to that in control mice (Fig. 5A) . IL-4R␣-independent IL-13 production was confirmed by intracellular detection of IL-13 in restimulated me- ϩ T-cells, anti-CD3 restimulation of CD4 ϩ T cells isolated from infected lungs resulted in an overall reduction in the levels of IL-4, IL-13, and IL-5 in IL-4R␣ KO mice at both days 7 and 10 p.i. compared to control mice (Fig. 5B) . Specifically, CD4
ϩ T-cell IL-4R␣ KO mice had levels of IL-4 and IL-13, but not levels of IL-5, equivalent to those of control animals at day 7 p.i., but by day 10 p.i. all TH2 cytokine levels were significantly reduced in CD4 ϩ T-cell IL-4R␣ KO mice compared to control mice. As expected, all TH2 cytokine levels were significantly reduced in IL-4R␣ KO mice. Restimulation with N. brasiliensis L3 larva secreted antigen of both total cell preparations derived from lung digests and preparations with CD4 ϩ T cells depleted demonstrated that IL-4 and IL-13 cytokine production in the lung was dependent on resident CD4 ϩ T-cell populations (Fig. 6 ). IL-5 production, however, appeared to be largely independent of the presence of CD4 ϩ T-cell populations, and this indicates that there was a significant alternative cellular source of IL-5, such as mast cells (2) or eosinophils (9) . TH2 cytokine levels were reduced in both IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice at days 7 and 10 p.i. In particular, the striking reduction in IL-13 secretion in both IL-4R␣ KO and CD4 ϩ T-cell IL-4R␣ KO mice would explain the abrogated host airway mucus production. FIG. 6 . Pulmonary TH2 cytokine production is IL-4R␣-expressing CD4 ϩ T cell dependent. Supernatant cytokine levels of whole-cell preparations from three individual mice and pooled cell preparations with CD4 ϩ depleted from four mice were restimulated with N. brasiliensis excretory-secretory proteins for 48 h, and cytokine secretion was then detected by an ELISA. An asterisk indicates that there is a significance difference between KO and control mice (P Ͻ 0.05). The data are representative of the results of two separate experiments. ϩ T-cell IL-4R␣ KO and control mice, demonstrating that IL-13 production by CD4 ϩ T cells can be independent of signaling via IL-4R␣. IL-4R␣-independent IL-13 production in CD4 ϩ T cells has been demonstrated previously for ovalbumin-induced airway hyperreactivity (40) , and our data extend this observation to N. brasiliensis infections. Importantly, we also demonstrated that peripheral CD4 ϩ T cells are able to produce levels of IL-13, independent of IL-4R␣, that are equivalent to the levels in control animals.
The absence of a measurable effect on worm expulsion in CD4 ϩ T-cell IL-4R␣ KO mice is in agreement with studies which showed that although CD4 ϩ cells (14) and IL-4R␣ (35) are required for expulsion of N. brasiliensis, signaling through the STAT-6 pathway in CD4 ϩ cells is not required (38) . Indeed, effective worm expulsion independent of IL-4R␣-responsive peripheral CD4 ϩ T cells may be explained by our demonstration that the IL-4R␣-independent CD4 ϩ T-cell production of IL-13 in CD4 ϩ T-cell IL-4R␣ KO mice is comparable to that in control mice.
The striking observation made in this study was that N. brasiliensis-induced pulmonary immunopathology was considerably reduced in CD4 ϩ T-cell IL-4R␣ KO mice. Here the significantly lower airway mucus responses were associated with severely disrupted T-cell recruitment and localization in the lungs of CD4 ϩ T-cell IL-4R␣ KO mice. Importantly, the reduction in TH2 cytokine secretion by T-cell populations in tissues corresponded with reduced pulmonary T-cell populations and airway mucus production in CD4 ϩ T-cell IL-4R␣ KO mice. These observations are in agreement with the results of previous work in which TH2 CD4 ϩ T-cell recruitment to the lungs of N. brasiliensis infected mice was shown to depend on the expression STAT-6 (25, 39) . Moreover, ovalbumin-induced TH2 CD4
ϩ T-cell recruitment to the lungs also requires IL-4-responsive T cells (6) . In further agreement with our data, ovalbumin-induced airway mucus production has also been shown to be not wholly dependent on IL-4 (7) but to absolutely require IL-13 (41) and IL-4R␣ (5). Indeed, CD4
ϩ T-cell IL-13/IL-4R␣-dependent interactions with airway epithelial cells can induce airway mucus production (41) . These studies demonstrated that there is a common requirement for STAT-6/IL-4R␣ and IL-13 (and to a lesser extent IL-4) for recruitment of T cells to the lungs and induction of airway mucus production. Our data supported and expanded these findings, demonstrating that there is a requirement for IL-4-responsive peripheral CD4 ϩ T-cell populations for effective T-cell and eosinophil recruitment and localization in the lung. Disruption of IL-4R␣ expression on CD4 ϩ T cells eliminated the ability to produce CD4 ϩ T-cell TH2 cytokines in the lungs but not in the draining lymph nodes. Together, these effects explain the decreased levels of airway mucus production reported in this study. The data reported here are important for understanding the roles played by IL-4R␣ in chronic pulmonary diseases (18) .
